ABSTRACT. The influence of corrosion on ultrasonic and electromagnetic nondestructive evaluation results has been simulated for 2-layer aluminum aircraft fuselage. Simulations have been performed with respect to ultrasonic time-of-flight measurements aiming on the detection of corrosion at the backwall of the first aluminum layer. Calculations of the eddy current probe response have been performed, where the thickness of the first and second layer and also the probe-to-specimen lift-off at several eddy current operating frequencies have been varied.
INTRODUCTION
In military and civil aircraft operations, there is an increasing need to detect and characterize corrosion at an early stage. To overcome limitations of current NDE methods and to enhance the interpretation and reliability of NDE results, computer modeling is advisable. Addressing the mapping of the faying surfaces in 2-layer aluminum aircraft fuselage, the influence of corrosion on ultrasonic and electromagnetic NDE results has been simulated. With respect to ultrasonic time-of-flight measurements aiming on the detection of corrosion at the backwall of the first aluminum layer, a point source superposition technique has been applied to model the experimental set-up. Both the depth and the profile of the corroded area have been varied in the modeling procedures. For an a priori optimization of the detection of corrosion using eddy current (EC) methods, a selfdeveloped code for modeling the pick-up EC probe over the inspected specimen has been applied. Since the electrical conductivity of the adhesive and of the aluminum oxide (corroded Al) is negligible in comparison to the electrical conductivity of aluminum, the three-layer model of aluminum-air-aluminum has been used. Calculations of the EC probe response will be presented, where the thickness of the first and second layer and also the probe-to-specimen lift-off at several EC operating frequencies have been varied. addressed problem is to predict the signal from ellipsoidal reflectors positioned at the backwall of the first aluminum layer, observed in a pulse-echo measurement. It is assumed that no adhesive is present between the layers and that normally incident longitudinal waves in an immersion geometry are applied. For a layer thickness of 5.0 mm, the scattering object (corrosion) is assumed to be in the shape of a half-ellipsoid, with varying values of length, width and depth: the half length is taken as 2.0 mm and 4.0 mm, the width as 1.0 mm and 2.0 mm, while a depth of 0.5 mm, 1.0 mm and 2.0 mm is assumed (in the notation used in the following, an ellipsoidally corroded area of e.g. 4.0 mm length, 2.0 mm width and 2.0 mm depth will be designated as a 4x2x2 corrosion). The optimization has been performed in view of the ultrasonic transducers to be used for such an inspection situation: a circular, unfocused transducer of 6.35 mm (quarter inch) diameter and a circular, focused probe of 12.7 mm (half inch) diameter, both of 10 MHz center frequency have been selected. The transducers are assumed to act as piston sources, i.e. all points on its surface move with equal amplitude; the focused transducer is considered to have a curved element with a radius of curvature of 70.0 mm (2.75 inches), which is equal to the geometrical focal length, i.e. the point of maximum amplitude in the absence of diffraction. With these parameters, the objective is to predict the time domain response (i.e. the radio frequency (rf) waveform as a function of time) of the signal scattered from the modeled corrosion areas. For all calculations, the transducer is positioned at a distance of 50.8 mm (2 inches) from and at normal incidence to the aluminum structure. Focusing on longitudinal wave propagation, parameter variations have been performed to elaborate frequency, bandwidth and type of the transducer (focused, unfocused) to be applied to ensure the ability to detect corrosion depths of at least 10% wall thickness.
Modeling Procedure
To predict the time-domain signal for this problem, the various physical processes involved have to be modeled, which are (i) the radiation of ultrasonic waves by circular, flat or focused transducers and the propagation through the respective medium, (ii) the reflection and refraction process at the water -aluminum interface, and (iii) the scattering of the waves incident on the defect and/or the layer backwall. To account for these processes, a point source superposition technique has been applied assuming that the transducer is acting as a piston source. The method is briefly summarized in Ref. To model the reflection and refraction process at the water-aluminum interface, the continuity of the normal tractions and the displacements is used to calculate the particle displacement distribution on the aluminum surface. This distribution is then applied to determine the propagation of the ultrasonic waves into the aluminum layer. Finally, the resulting displacement on the scatterer/backwall is calculated using Kirchhoff s theory as described in Ref. 3 for the case of anisotropic media. In the calculations, equidistant distributions of grid points within the transducing, refracting and scattering surfaces or interfaces, respectively, are used in accordance with the sampling-theorem. To reduce the calculation times, the particle displacement distribution on the aluminum surface has been calculated assuming continuous wave (cw) excitation; on this basis, rf-impulse propagation is then considered in the aluminum layer, using the reference frequency spectrum function given by Eq. (1). The time-domain signal detected by the transducer is finally determined using Auld's reciprocity theorem for traction-free scatterers: it exploits the displacement and traction at the scatterer's position in presence and absence of the scatterer, respectively [4] , in frequency domain, the time-domain signal is then obtained using subsequent inverse Fourier-transformation. In the simulations, emphasis is on the dominant longitudinal wave contributions. However, in calculating the displacement distribution at the interface and the scatterer/backwall, respectively, the mode-converted shear wave contributions are properly taken into consideration.
Results
A frequency of 10 MHz has been selected in order to ensure the ability to detect corrosion depths of at least 10 % wall thickness for the 5 mm layer on one hand, and -on the other hand -to be able to perform the simulation calculations at (still) reasonable computer run times. A circular, unfocused transducer of 6.35 mm (quarter inch) diameter and a circular, focused probe of 12.7 mm (half inch) diameter with 70 mm radius of curvature have been considered. The beam fields generated by the two transducers have been calculated in the first aluminum layer assuming a water path of 50.8 mm, the results are shown in Fig. 2 . It can be recognized that the beam fields generated have about the FIGURE 2. Longitudinal wave beam fields in the aluminum layer generated by the circular, unfocused (left) and focused (right) transducer using immersion technique and a water path of 50.8 mm. The beam fields are shown in logarithmic scaling, ranging down to -36 dB.
same width in the lower half of the aluminum layer. For the unfocused probe it is more or less uniform throughout the layer, while the focused transducer produces a wider beam field in the upper half. Thus, the unfocused transducer has been selected for the further considerations.
For the unfocused probe, the backwall and corrosion echoes have been calculated for an input pulse of 50 % and 100 % bandwidth, respectively. Since the beam field is generally wider than the corrosion extensions, most of the simulated A-scans will show both the backwall and the defect echo. It is obvious, that 100 % bandwidth is preferred, since it allows for a better separation of the corrosion and backwall echoes. For the smaller extensions of corrosion considered, the central A-scans obtained at transducer positions x -0 mm are shown in Fig. 3 to clarify the effect on the received signals. For the larger corroded areas, the signals look similarly. It can be recognized that even in the case of 0.5 mm depth the corrosion echo can be distinguished from the backwall echo, where the echo height is increasing with the lateral corrosion dimensions. The separation of the corrosion echo gets more evident with increasing corrosion depth. The interference signals between the corrosion and the backwall echoes are due to the fact that the transducer beam width is larger than the corrosion extensions. Thus, these interference signals decrease with increasing corrosion dimensions.
SIMULATED EDDY CURRENT INSPECTION SITUATION
For the inspection of multiply layered metallic structures, EC techniques offer advantages of speed, ease of use (e.g. no couplant) and multiple layer penetration as compared to ultrasonics [5, 6] . Because of the electromagnetic skin effect, EC methods can be applied only for relatively "thin" sub-surface areas (up to 20 mm of depth) of the test items, hi addition, the lateral resolution of the detection decreases by higher inspection depths. The inspection depth for the structure of interest (Fig. 4) depends on the maximal first-layer depth (up to 7 mm). For this inspection depth in aluminum, relatively low EC frequencies -hundreds of Hertz up to a few Kilohertz -are to be applied. For the characterization of hidden corrosion between the aluminum sheets, a conventional pick-up EC probe with rectangular cross section can be used. For the sinusoidal driving current of magnitude I and frequency/in the probe coil, the voltage U will be measured at the coil. The coil impedance Z = U / I depends on the probe parameters, but also on the geometry and spatial distribution of the electrical conductivity a and the magnetic permeability u of the test item. The direct problem for this inspection situation deals with the calculation (prediction) of the coil impedance Z for known EC frequency, probe parameters and test item information (a, p and geometry). The so called inverse problem is to determine a, u and/or the geometry of the test specimen for known (measured or pre-calculated) values of the probe impedance Z. The following parameters of the probe and of the test item are used: (i) coil dimensions: inner radius ri = 5 mm, outer radius r2 -10 mm, height h = 2 mm, probe-to-specimen lift-off IQ = 0.5 mm; (ii) electrical conductivity of aluminum: 19.1*10 6 l/(Ohm*m) = 19.1 MS/m = 33% lACS; (iii) test item layer depths (initial state): upper aluminum layer di(im t ) -5 mm, adhesive (air) layer d2(mit) = 0.5 mm, hidden aluminum layer d 3 (i n it) -3 mm.
Since the electrical conductivity of the adhesive and of the aluminum oxide (corroded aluminum) is negligible in comparison to the electrical conductivity of aluminum, a three-layer model of aluminum-air-aluminum for the inspected specimen can be used. In this way, an increase of the corrosion can be represented by a decrease in wall thickness of the upper and/or the hidden aluminum layer. The corrosion depth (change of the initial layer thickness) is denoted by ki for the upper aluminum layer and by k 2 for the hidden aluminum layer. Therefore, the effective layer depths of the aluminum-airaluminum model result as di -di(mit) -ki, d 2 = cbcmt) + ki + k 2 , d^ -d3(mit) -k 2 . The values of the probe impedance are to be predicted for varying corrosion depths at several EC frequencies, hi addition, the variations of the probe-to-specimen lift-off -the main disturbing factor for the practical EC measurement -are to be regarded in the calculations. On the basis of the performed calculations, the optimal EC frequency range for this inspection situation is to be determined. The varying values of the corrosion depths are ki -0 mm (initial state), 0.5 mm, 1.0 mm, 2.0 mm, and k 2 = 0 mm (initial state), 0.5 mm, 1.0 mm, 1.5 mm, while probe lift-off 1 0 has been varied between 0.5 mm (initial state) and 0.6 mm.
The solution algorithm for the direct problem (direct solver) was implemented taking into account the well-known approach of Cheng, Dodd and Deeds [7] , which is a valuable tool to characterize multi-layered media testing with an EC pick-up coil, once the layer properties (thickness, electrical conductivity or, magnetic permeability u) and the coil parameters are known [8] . The direct solver delivers the values of the probe impedance Z for each fixed set of EC frequency/and corrosion depths ki and k 2 . 
Results
In order to describe the selection criteria for the optimal EC frequency range, the probe response changes (changes of the probe impedance Z) caused by varying corrosion depths ki, k2 and probe lift-off lo and different EC frequencies/are to be analyzed using the direct solver calculations. The calculated probe impedance plots for varying corrosion depths and lift-off at/= 0.5 kHz and/= 5 kHz are shown in Fig. 5 . The real and imaginary part of the complex probe impedance Z correspond to the x-axis and the y-axis of the shown coordinate planes (so called impedance planes). The line "lift-off shows the change of the probe impedance caused by the increasing lift-off 1 0 from the initial state 1 0 -0.5 mm up to 0.6 mm (ki = 0 mm, k 2 = 0 mm). The line M ki" shows the change of the probe impedance caused by the increasing corrosion depth in the upper aluminum layer ki from the initial state ki = 0 mm up to ki = 2 mm (lo -0.5 mm, k 2 = 0 mm). The "k2" shows the change of the probe impedance caused by the increasing corrosion depth in the hidden aluminum layer k 2 from the initial state k 2 = 0 mm up to k 2 = 2 mm (lo = 0.5 mm, ki = 0 mm). The comparison of the impedance plots at/= 0.5 kHz and/= 5 kHz demonstrates that the probe impedance is more sensitive to the lift-off changes than to small corrosion depth changes. Also, it is difficult to detect any corrosion in the hidden layer at/> 5 kHz, because no significant separation can be done between the impedance values at the initial state and at any values of k 2 between 0 mm and 2 mm. The phase angle difference between the lift-off effect and the effects of corrosion depths at/= 0.5 kHz is about 90°, which is a good condition to visual and algorithmic separation of these effects. The phase angle difference between the effects of corrosion depths ki and k 2 at/= 0.5 kHz is relatively small, which may cause erroneous recognition of these two effects separately.
The selection criteria for the optimal EC frequency range can be described as follows: (i) maximize the effects of corrosion depths ki and k 2 at absolute values of these impedance changes, (ii) assure the phase angle difference between the lift-off effect and the effects of corrosion depths to be about 90° as best as possible, and (iii) maximize the phase angle difference between the effects of corrosion depths ki and k 2 in order to improve the separation of these two effects. sensitivity of the probe impedance to the effects of ki and k2 at varying EC frequencies.
The calculated absolute values of the impedance differences between the initial state (ki = 0 mm, k2 = 0 mm) and the minimal detectable corrosion depth (ki -0.5 mm, k2 = 0.5 mm) versus varying EC frequency are shown in this figure. These plots show that the maximal absolute impedance change is reached at/~ 1.5 kHz for increasing corrosion depth ki and at/~ 1 kHz for increasing corrosion depth k2. Also, the EC frequencies lower than 0.3 kHz and higher than 5 kHz are uninteresting for the corrosion detection because of significantly reduced probe impedance sensitivities. Figure 7 demonstrates the calculated phase angle between directions of the impedance changes when increasing the lift-off 1 0 and the corrosion depths ki, k2 for varying frequencies. These plots show that the effect of corrosion depth ki and the lift-off effect are perpendicular at/~ 0.5 kHz and at/~ 4 kHz; the effects are parallel at/~ 1.8 kHz. The effect of corrosion depth k 2 and the lift-off effect are perpendicular at/~ 0.35 kHz and at/~ 2.8 kHz; the effects are parallel at/-1.3 kHz and/-5 kHz. The phase angle between the effect of corrosion depth ki and the effect of corrosion depth k2 increases with increasing frequency but never becomes 90° at frequencies < 5 kHz. According to the information obtained from analyzing the absolute and phase difference of the impedance values, as shown in Figs. 6 and 7, the optimal EC frequencies for detection and separation of the corrosion depths ki and k 2 are between 0.35 kHz and 4 kHz except the range between 1 kHz and 2 kHz.
CONCLUSION
The aim of this study was to reveal the potential of NDE simulations in view of an improvement of state of the art NDE techniques. The influence of the corrosion dimensions on the received signal has been examined assuming 10 MHz longitudinal waves. The simulations suggest that for a 5 mm thick aluminum layer corrosion depths of at least 10 % wall thickness should be detectable. Increasing the frequency to, say, 20 MHz or the application of respective signal processing algorithms should even reveal lower corrosion depths. As to EC testing, the selection of the optimal EC frequency range for detection of the corrosion with regard to presence of probe lift-off variation has been investigated. The simulations suggest that for selected initial layer parameters and for EC frequency range between 0.35 kHz and 4 kHz corrosion depths of at least 0.5 mm should be detectable and separable in both upper and hidden aluminum layers. Further problems to be addressed in ultrasonic NDE simulation deal with experimentally obtained corrosion profiles, the consideration of corrosion, the presence of adhesives between the aluminum layers, and in the second layer. Further studies in EC testing should focus on simulating inspection situations with complex probe arrangements, taking also the lateral corrosion dimensions into consideration. The simulation results should be validated with practical experiments.
